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Abstract Three mutations, Ser54→Pro, Thr314→Ala, and His415→Tyr, were identified
in Aspergillus awamori glucoamylase gene expressed by Saccharomyces cerevisiae. The
mutant glucoamylase (GA) was substantially more thermostable than a wild-type GA at
70 °C, with a 3.0 KJ mol−1 increase in the free energy of thermo-inactivation. The effect of
starch from different botanical sources on the production of this GAwas measured in liquid
fermentation using commercial soluble starch, cassava, potato, and corn as the carbon
source. The best substrate for GA production was the potato starch showing an enzymatic
activity of 6.6 U/mL. The commercial soluble starch was also a good substrate for the
enzyme production with 6.3 U/mL, followed by cassava starch and corn starch with 5.9 and
3.0 U/mL, respectively. These results showed a significant difference on GA production
related to the carbon source employed. The mutant GAwas purified by acarbose–Sepharose
affinity chromatography; the estimated molecular mass was 100 kDa. The mutant GA
exhibited optimum activity at pH 4.5 and an optimum temperature of 65 °C.
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Introduction

Starch is the most abundant form of polysaccharide storage in plants. It constitutes an
inexpensive source for the production of syrups containing glucose and maltose which are
widely used in food industries [1, 2].

Glucoamylase (GA; α-1,4-glucan glucohydrolase, amyloglucosidase, EC 3.2.1.3) is an
important enzyme which hydrolyzes α-1,4-glycosidic bonds from the non-reducing ends of
starch, resulting in the production of glucose. It also has the ability to hydrolyze α-1,6-linkages,
which also has glucose as the end-product. It is produced by a variety of fungal species,
although commercial supplies are primarily obtained from the genus Aspergillus and Rhizopus
due to the fact that their enzymes display low transglycosylation activity and their ability to
obtain near 100% yields of glucose from starch hydrolysis [3]. These enzymes are generally
recognized as safe by the Food and Drug Administration [4].

The structure of the enzyme has two functional domains: an N-terminal catalytic
domain in an (α/α)6 barrel structure and a C-terminal starch-binding domain in a β-sheet
structure. The two functional domains are linked by a heavily O-glycosylated linker
region [5, 6].

GA has many applications in industry, being used in the brewing of low-calorie beer and
in whole grain hydrolysis for the alcohol industry, but the most important application of this
enzyme is dextrose production, especially in the production of high-glucose syrups [4].

The conversion of starch to sugars is one of the most important biotechnological
processes [4, 7]. Conventionally, conversion of starch to glucose requires a two-step
process, namely, liquefaction and saccharification. The starch slurry is first liquefied at
105 °C for 5 min and then at 95 °C for 1 h using thermostable α-amylase. GA is used in the
second step to convert the dextrin into glucose monomers. This step involves cooling the
dextrin to 60 °C, the operational temperature of GA. At this temperature, the reaction can
take several days (48–72 h) to be completed [5]. GA only efficiently catalyzes the
saccharification reaction within a relatively narrow range of temperatures because its
catalytically active conformation changes at high temperatures. This low thermostability
limits its use in industrial processes where prolonged incubation at high temperatures is
required. Higher operational temperatures cannot only accelerate the reaction rate and,
consequently, shorten the process time but can also prevent microbial contamination and
reduce the viscosity of the reaction mixture. Therefore, the development of a more
thermostable GA would greatly contribute to the starch saccharification process [8, 9].

In recent years, there has been a keen interest in the production of heterologous proteins
by recombinant DNA technology, and numerous approaches have successfully been taken
to improve the thermostability of GA by site-directed and random mutagenesis. The
application of yeast cells to the production of foreign proteins offers several advantages. For
example, many foreign proteins are produced in soluble form in yeast cells, and post-
translation modifications generally occur, contributing to the enzyme stability [10].

Fermentation studies have shown that both nutrient source and the type of fermentation
can affect the enzyme’s properties [11] and that the effects of complex medium and
different nitrogen sources also affect the stability of the plasmid in more microorganisms
[12]. GA secretion is greatly dependent on the carbon source used [13].

In previous work, an Aspergillus awamori wild-type GA expressed in Saccharomyces
cerevisiae was produced by submerged fermentation in starches from different sources and
physicochemically characterized [14]. Then, the wild-type GA gene was submitted to a
mutagenic polymerase chain reaction, obtaining a mutant GA with improved thermostability
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[15]. In the present work, the amino acid substitution in the mutant was determined. The
thermostable mutant was purified and the physical, chemical, and thermodynamic parameters
of this enzyme were characterized .The production of GA on starches from different sources
was also investigated.

Material and Methods

Microorganism

S. cerevisiae strain C468 (α leu2-3 leu 2-112 his3-11 his 3-15 mal−) containing the plasmid
YEpPM18, a yeast episomal expression vector containing the wild-type GA cDNA from A.
awamori. The wild-type A. awamori GA gene was randomly mutated by PCR mutagenesis
and transformed into yeast by in vivo recombination using vector YEpPM18. Plate
screening of transformed colonies identified one mutated GA that was more thermostable
than the wild type [15].

Sequencing of Mutant Genes

Plasmid YEpPM18 containing the mutated GA gene was isolated from the transformed yeast
by the Hoffman and Winston method [16]. Competent Escherichia coli DH 5α were
transformed by electroporation with this preparation; then, ampicillin-resistant transformants
were selected. A single transformant colony of pPM18/DH5α was inoculated into LB +
ampicillin; plasmid DNA containing the mutant gene was produced overnight and then
purified using the Gene Jet™ Plasmid Miniprep kit (Fermentas). The gene was sequenced by
Macrogen (Korea) using seven primers 5′CCCTGAGCGGCCTCGTCTGCA3′, 5′
CTCCGCCCAGGCAATTGTCCA 3′, 5′ CGATTGCTGTGCAACACCGCG 3′, 5′ TCAGTG
ACAGCGAGGCTGTTG 3′, 5′ CGCAAGCAACGGCTCCATGTC 3′, 5′ACCAGCAAGAC
CACCGCGACT3′, 5′ACACCGTTCCTCAGGCGTGCG 3′.

Culture Medium and Enzyme Production

Starches from four different botanic sources were used to produce the mutant GA under
submerged fermentation. The culture medium and the growth conditions for GA production
have been described previously [14].

Assay of GA Activity

The glucose liberated from starch by GA was estimated by the peroxidase/glucose oxidase
enzymatic method described by Bergmeyer and Bernt [17], with appropriate modifications
[14]. One unit of GA was defined as the amount of enzyme required to release 1 µmol of
glucose per minute under the assay conditions, and activity was expressed as units per
milliliter. The activity was also expressed as units per milligram proteins.

Microbial Biomass Quantification

The washed cells were dried to constant weight at 60 °C and their biomass was expressed
as milligrams per milliliter, as previously described [14].
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Protein Determination

The protein content of the enzyme solution was measured by the Hartree–Lowry method
[18] using bovine serum albumin as the standard.

Purification

A submerged 120 h culture of S. cerevisiae was centrifuged at 10,000×g for 10 min and the
supernatant was used as GA extract. The enzymatic extract was concentrated and
diafiltrated against a buffer of 0.5 M NaCl/0.1 M NaOAc, pH 4.5, using an Amicon S1
spiral ultrafiltration cartridge. The concentrated enzymatic extract was loaded on a 2-mL
affinity column packed with a complex Epoxi-activated Sepharose™ 6B (Amersham
Pharmacia Biotech, Sweden) and acarbose (Sigma). The column was washed with buffer of
0.5 M NaCl/0.1 M NaOAc, pH 4.5, GA was eluted by 1.7 M Tris–HCl solution at pH 7.6,
and protein containing fractions were dialyzed against distilled water.

Electrophoretic Methods

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
according to Laemmli [19] using 10% gel in a Mini-Cell BioRad. Protein bands were
revealed by silver staining [20].

Effect of Temperature and pH on Activity and Stability of the GA

Optimal activity pH and temperature and enzymatic stability have been described previously
[14].

Irreversible Thermo-inactivation Kinetics

Purified mutant GAwas incubated in 0.1 M NaOAc buffer, pH 4.5, at 65–80 °C with 2.5 °C
intervals. Seven samples were withdrawn periodically at each temperature, cooled in a
water bath, and enzyme activity was determined. Irreversible thermo-inactivation
coefficients (kd) for mutant and wild type were calculated by fitting linear regressions of
ln (residual activity) versus inactivation time. The free energy of thermo-inactivation (ΔG)
was calculated from ln (kd/T) versus 1/T plots based on transition state theory [21]. The
half-life (t1/2) of enzymes was defined as the time at which after incubating at each
temperature, enzyme activity was 50% of the original activity. The t(1/2) was also
determined according to the equation: t 1=2

� � ¼ 0:693=kd [22].

Results and Discussion

Characterization of Thermostable Mutant GA from A. awamori Expressed in S. cerevisiae

The GA gene from the mutant was genetically characterized by DNA sequencing. From the
mutant sequence, a total of four mutations were identified, all of which were identified in
the catalytic domain. One mutation was silent (GGC→GGT), whereas three resulted in
amino acid replacement: Ser54→Pro, Thr314→Ala, and His415→Tyr.
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These changes, in the positions indicated, have not been described in the literature.
However, Wang et al. [6] and McDaniel et al. [5] had residues where the Ser→Pro,
Thr→Ala, and His→Tyr substitutions occurred in different positions in the gene. In all
cases, there was increased thermostability.

The increased numbers of Pro residues often correlate with increased protein
thermostability [5, 6, 23–26]. According to Gomes et al. [27], the increase in Pro
concentrations helps thermostability due to the amino acid structure that has few possible
configurations, reducing entropy of unfolding and thus stabilizing the protein.

Research papers have reported mutagenesis strategies to obtain a GA with higher
thermostability, including by introducing extra disulfide bonds [5, 9, 28], reducing the
backbone flexibility by introducing a Pro residue [5, 6, 25], reducing the number of
possible conformations in the unfolded state of the protein by replacing Gly with others
residues [9, 29], and through site-directed mutagenesis and random mutagenesis.

The effect of T314A and H415Yin stabilizing GA is hard to explain without digging
deep into the current knowledge of GA structure and of protein folding theory, which is
beyond the objective of this research. Further study correlating mutations of these residues
in GA structure and protein folding are currently being conducted to help to explain the
increased GA thermostability caused by these mutations.

The mutant GA exhibited optimum activity at pH 4.5 (Fig. 1a) and optimum temperature
at 65 °C (Fig. 1b). It has been reported that fungal GAs act well in acid pH and generally at
temperatures in the range of 50–60 °C [30]. The wild-type GA showed optimal activity at
pH 3.5–4.0 and a temperature of 58 °C [14]. Anto et al. [31] described a GA from
Aspergillus sp. HA-2 that exhibited an optimum temperature of 55 °C and an optimum of
pH 5.0. GA from Aspergillus oryzae (OS1 1013) cultivated in submerged fermentation
exhibited optimum activity at a temperature of 65 °C and an optimum of pH 4.5 [32].
Regarding stability, the enzyme kept 80% of its activity between pH 5.5 and 9.0 (Fig. 1a),
and the enzyme was stable up to temperatures of 60 °C (Fig. 1b).

The irreversible thermo-inactivation of wild-type and mutated GA follows first-order
kinetics. Figure 2 shows the effect of temperature on kd for wild-type and mutated GAs.
Other authors had also related first-order kinetics in their research [9, 24]. Kinetic
parameters for irreversible thermo-inactivation of the mutant and wild-type GA are shown
in Table 1. The half-life of the mutant GA was twice that of wild-type GA at all
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Fig. 1 Effect of pH (a) and temperature (b) on the pure mutant GA activity (symbols: circle optimum pH
and temperature; square stability pH and stability temperature). Activity was measured with 0.5% soluble
starch as substrate
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temperatures. At 65 °C, the half-life of the mutant was 76.1 and 30.2 min for wild-type GA.
The free energy of thermo-inactivation (ΔG) for the mutant GA was higher than wild-type
GA at all temperatures (Table 1).

High ΔG value indicates a thermostable enzyme, while a small value indicates a
thermosensitive enzyme, as noted previously by other authors. Usually, proteins begin to
unfold owing to the increased intramolecular motions caused by increasing temperature [9].
Thermal inactivation generally is caused by the rupture of non-covalent bonds followed by
its unfolding. The thermo-inactivation process of GA is also caused by the incorrect
conformation of the protein [33]. The stability of the enzyme’s structure is the result of a
delicate balance between several factors, such as the number of hydrogen disulphide
bridges, hydrophobic interactions and the degree of molecular tangling, as well as the
number and kinds of amino acids involved in this structure [34]. These closely related
factors are what give the protein its stability. Any change that affects the integrity of the
protein’s form or fold can upset the balance. Moreover, proteins are fragile and easily
disorganized by heat and other, even mild, treatments, and so small molecular alterations
can generate significant changes to their stability.
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Fig. 2 Effect of temperature on thermostability of A. awamori mutated GA and wild-type GA. Symbols:
empty square wild-type GA; filed square mutant GA

Table 1 Kinetic and thermodynamic properties of mutant and wild-type GA of A. awamori expressed in S.
cerevisiae.

Temperature (K) t(1/2) (min−1) ΔG (KJ mol−1)

Wild type Mut Wild type Mut

338 30.2 76.1 106.1 102.5

340.5 8.0 23.2 104.6 101.6

343 3.0 8.1 103.5 100.7

345.5 1.6 3.6 102.3 99.7

348 0.6 2.1 101.0 98.8

350.5 0.6 1.5 100.0 97.8

353 – 0.8 98.6 96.8

– not detected
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The combination of these three mutations increased the thermostability of mutant GA by
3.0 KJ mol−1 at 70 °C. Thus, the mutation of a given residue would change not only the
conformational preference but also other interactions, possibly producing better thermostability.

Production and Purification of Mutant GA

Transformed yeast was grown in four different culture media. All substrates analyzed were
good producers of the enzyme; however, the production of GA was stimulated differently,
according to the source of starch used. The best substrates for mutant GA production were
potato starch and soluble starch, yielding enzyme productions of 6.6 U/mL (20.9 U/mg) and
6.3 U/mL (22.5 U/mg), respectively. The cassava starch was also a good substrate for GA
mutant production (5.9 U/mL, 12.3 U/mg), followed by corn starch (3.0 U/mL, 16.6 U/mg).
For all the substrates evaluated, the highest enzyme production was observed after
96 h of fermentation (Fig. 3). In previous research, the wild-type GA of A. awamori
expressed by S. cerevisiae was also produced in different substrates. The best substrate for
this enzyme production was also the potato starch, followed by soluble starch, cassava
starch, and corn starch [14]. The mutation did not affect the protein secretion nor the
production of GA studied in this research, although some researchers reported that
mutations could affect the enzyme conformation secreted and thus influence its activity
[12, 35–38]. The enzyme activity and secretion might also be affected by a high quantity
of glycosylation [39–40].
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Fig. 3 Mutant GA production by yeast S. cerevisiae in medium with starches from different sources. a
Soluble starch; b Cassava starch; c Potato starch; and d Corn starch. To determine the cellular mass, it was
dried at 60 °C until it reached a constant weight
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Our results are significant when compared to others in the literature. For example,
Chen et al. [21] reported a wild-type GA of A. awamori production by S. cerevisiae of
0.31 U/mL after 60 h of fermentation and a mutant Asn 182→Ala GA production of
0.50 U/mL. Both enzyme productions were lower than those observed in the present
work.

Other authors also reported wild and recombinant GA productions lower than those detailed
in this work. A hybrid strain CL-9 of Saccharomyces diastaticus produced GAwith 1.06 U/mL
in a medium containing glucose and starch [13]. The GA activity of S. cerevisiae ATCC 9763
expressing the GAM1 gene from Debaryomyces occidentalis was 0.92 U/mL in a medium
with 3% starch and 2% glucose [41]. The GA activity from Saccharomycopsis fibuligera
DSM-70554 was 0.65 U/mL after 48 h of fermentation in a medium containing starch as
substrate [42]. The GA activity expressed by immobilized recombinant S. cerevisiae strain
C468 containing the plasmid pGAC9 was 0.16 U/mL [43]. From these data, we can infer that
S. cerevisiae is an efficient GA producer.

Regarding biomass production in a medium with soluble starch, the highest value
(4.0 mg/mL) was observed after 48 h (Fig. 3a). Biomass decrease was followed by an
increase in GA secretion, and this feature has also been observed in other research [13].
The highest biomass production by S. diastaticus (CL-9) was 9.3 mg/mL when cultivated
in a medium containing glucose as the carbon source and 2.0 mg/mL in a medium
containing starch [13]. The strain S. fibuligera DSM-70554 was grown on cassava starch
for 48 h and had a biomass estimated at 2.3 mg/mL [42]. Although some studies showed a
higher biomass yield, this is not reflected in a greater GA activity of these strains.

Regarding protein concentration, it is higher at the beginning of cultivation probably due
to the presence of amino acid histidine in the culture medium. The culture medium pH was
highly reduced, decreasing to a limit of 2.6 at the end of cultivation. This intense

Fig. 4 SDS-PAGE of thermosta-
ble GA of A. awamori expressed
in S. cerevisiae. M standard
molecular weight markers; 1
mutant thermostable GA
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acidification is the result of nutrient consumption and the release of metabolites during
fermentation. This characteristic was also observed for the wild-type enzyme [14]. Yeasts,
especially S. cerevisiae, tolerate a wide pH variation (2.5–8.5), but its optimum growth pH
is 4.5. However, the intracellular pH seems to be independent from the extracellular one,
which is maintained between 6 and 7 [44], since the internal acidification in yeast is
controlled by H+ATPase of the plasma membrane, allowing the alkalinization of the
intracellular medium [45]. Besides, to avoid stress effects that could influence the
metabolism, yeast has a response mechanism that acts to reduce the intracellular
accumulation of weak acids at potentially toxic levels [46–48]. However, extreme pH can
cause cellular stress and put pressure on the ATPase system, decreasing the energy available
for growth and other essential metabolic functions [49, 50].

The molecular mass of the pure enzyme was determined by SDS-PAGE and
estimated as 100 kDa (Fig. 4). This molecular mass is in the range found for the majority
of the fungal GAs that varies between 26 and 112 kDa [4, 51]. Flory et al. [35] reported
mutant GA with a similar molecular mass. The purified GA from Aspergillus niger
(CCUG 33991) was reported to have a molecular mass of 90 kDa [52]. GA from A. niger
AB4.1 (pgpdAGLAGFP) purified for affinity chromatography had a molecular mass of
100 kDa [53].

A summary of the purification procedure is shown in Table 2. The high purification
factors observed in the present work can be explained by the low yield values. The high
specific activity is probably due to the extreme purity of the enzyme (Table 2).

Conclusions

The GA mutation using error-prone PCR produced three amino acid alterations in the
protein structure (Ser54→Pro, Thr314→Ala, and His415→Tyr), and these alterations
contributed to a significant increase in thermostability when compared to the wild-type
enzyme. The mutant GA showed an increase of 7 °C in the optimum temperature and an
increase of 3.6 KJ mol−1 in the free energy of thermo-inactivation (ΔG) at 65 °C and
1.8 KJ mol−1 at 80 °C in relation to the wild type. The mutant GA has a half-life of
76.1 min at 65 °C, a value twice that of the half-life of the wild-type enzyme. Mutant GA
expressed by S. cerevisiae produces better enzymatic activity than when potato starch was
used as the substrate, and the mutation in this GA did not reduce the capacity of the yeast to
produce high levels of GA.

Table 2 Purification of mutant GA from A. awamori expressed by S. cerevisiae.

Purification step Volume
(mL)

GA activity Protein Specific activity
(U/mg)

Yield (%) Purification
factor

(U/mL) (U total) (mg/mL) (mg/total)

Crude extract 400 2.5 1,000 0.30 120 8.4 100 1

Concentraded extract 16 52.9 846.4 0.49 7.8 107.9 84.6 12.9

Affinity chromatography 5.0 5.0 25.0 0.004 0.02 1250 2.5 150.6

22 Appl Biochem Biotechnol (2011) 163:14–24



Acknowledgments The authors are grateful to the Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP) and Conselho Nacional de Pesquisa (CNPq) for their financial support. We are also gratefull to Dr.
Clark Ford from Iowa State University for his teachings in this area and for donating our firts mutants.

References

1. Roy, I., & Gupta, M. N. (2004). Enzyme and Microbial Technology, 34, 26–32.
2. Uthumporn, U., Zaidul, I. S. M., & Karim, A. A. (2010). Food and Bioproducts Processing, 88, 47–54.
3. Mertens, J. A., & Skory, C. D. (2007). Enzyme and Microbial Technology, 40, 874–880.
4. Michelin, M., Ruller, R., Ward, R. J., Moraes, L. A. B., Jorge, J. A., Terenzi, H. F., et al. (2008). Journal

of Industrial Microbiology & Biotechnology, 35, 17–25.
5. McDaniel, A., Fuchs, E., Liu, Y., & Ford, C. (2008). Microbial Technology, 1(6), 523–531.
6. Wang, Y., Fuchs, E., da Silva, R., McDaniel, A., Seibel, J., & Ford, C. (2006). Starch/Stärke, 58, 501–508.
7. James, J. A., & Lee, B. H. (1997). Journal of Food Biochemistry, 21, 1–52.
8. Ford, C. (1999). Current Opinion in Biotechnology, 10, 353–357.
9. Liu, H.-L., & Wang, W.-C. (2003). Protein Engineering, 16, 19–25.
10. Kilonzo, P. M., Margaritis, A., & Bergougnou, M. A. (2009). Journal of Biotechnology, 143, 60–68.
11. Naessens, M., & Vandamme, E. J. (2003). Biotechnological Letters, 25, 1119–1124.
12. Swift, R. J., Karandikar, A., Griffen, A. M., Punt, P. J., Hondel, C. A. M. J. J., Robson, G. D., et al.

(2000). Fungal Genetics and Biology, 32, 125–133.
13. Peres, M. F. S., Souza, C. S., Thomaz, D., de Souza, A. R., & Laluce, C. (2006). Process Biochemistry,

41, 77–83.
14. Pavezzi, F. C., Gomes, E., & da Silva, R. (2008). Brazilian Journal of Microbiology, 39, 108–114.
15. Lemos, C. M. (2003). M.Sc. Dissertation, UNESP, Rio Claro, Brazil.
16. Hoffmam, C. S., & Winston, F. (1987). Gene, 57, 267–272.
17. Bergmeyer, H. U., & Bernt, E. (1974). Methods of enzymatic analysis. Methods, 3, 1205–1215.
18. Hartree, E. F. (1972). Analytical Biochemistry, 48, 422–427.
19. Laemmli, U. K. (1970). Nature, 227, 680–685.
20. Blum, H., Bier, H., & Gross, H. J. (1987). Eletrophoresis, 8(2), 93–99.
21. Chen, H. M., Bakir, U., Reilly, P. C., & Ford, C. (1994). Biotechnology and Bioengineering, 43, 101–105.
22. Leite, R. S. R., Alves-Prado, H. F., Cabral, H., Pagnocca, F. C., Gomes, E., & Da Silva, R. (2008).

Enzyme and Microbial Technology, 43, 391–395.
23. Suzuki, Y., Hatagaki, K., & Oda, H. (1991). Applied Microbiology and Biotechnology, 34, 707–714.
24. Liu, H.-L., Doleyres, Y., Coutinho, P. M., Ford, C., & Reilly, P. J. (2000). Protein Engineering, 13, 655–659.
25. Li, Y., Reilly, P. J., & Ford, C. (1997). Protein Engineering, 10, 1199–1204.
26. Allen, M. J., Coutinho, P. M., & Ford, C. (1998). Protein Engineering, 11, 783–788.
27. Gomes, E., Guez, M. A. U., Martin, N., & da Silva, R. (2007). Química Nova, 30, 136–145.
28. Li, Y., Coutinho, P. M., & Ford, C. (1998). Protein Engineering, 11, 661–667.
29. Chen, H. M., Li, Y., Panda, T., Buehler, F. U., Ford, C., & Reilly, P. J. (1996). Protein Engineering, 9,

499–505.
30. Norouzian, D., Akbarzadeh, A., Scharer, J. M., & Young, M. M. (2006). Research Review Paper, 24, 80–85.
31. Anto, H., Trivedi, U. B., & Patel, K. C. (2006). Bioresource Technology, 97, 1161–1166.
32. Hata, Y., Ishida, H., Kojima, Y., Ichikawa, E., Kawato, A., Suginami, K., et al. (1997). Journal of

Fermentation Bioengineering, 84, 532–537.
33. Munch, O., & Tritsch, D. (1990). Biochimica et Biophysica Acta, 1041, 111–116.
34. Bruins, M. E., Janssen, A. E. M., & Boom, R. M. (2001). Applied Biochemistry and Biotechnology, 90,

155–181.
35. Flory, N., Gorman, M., Coutinho, P. M., Ford, C., & Reilly, P. J. (1994). Protein Engineering, 7, 1005–1012.
36. Carrea, G., & Colombo, G. (2000). Trends in Biotechnology, 18, 401–402.
37. Bakir, U., Coutinho, P. M., Sullivan, P. A., Ford, C., & Reilly, P. J. (1993). Protein Engineering, 6, 939–946.
38. Withers, J. M., Swift, R. J., Wiebe, M. G., Robson, G. D., Punt, P. J., van den Hondel, C. A. M. J. J., et

al. (1998). Biotechnology and Bioengineering, 59, 407–418.
39. Latorre-Garcia, L., Adam, A. C., & Polaina, J. (2008). World Journal of Microbiology & Biotechnology,

24, 2957–2963.
40. Vanomi, M., Lotti, M., & Alberghina, L. (1989). Biochimica et Biophysica Acta, 1008, 168–176.
41. Ghang, D. M., Yu, L., Lim, M. H., Ko, H. M., Im, S. Y., Lee, H. B., et al. (2007). Biotechnological

Letters, 29, 1203–1208.

Appl Biochem Biotechnol (2011) 163:14–24 23



42. González, C. F., Fariña, J. I., & de Figueroa, L. I. C. (2008). Enzyme and Microbial Technology, 42,
272–277.

43. Kilonzo, P. M., Margaritis, A., & Bergougnou, M. A. (2008). Journal of Biotechnology, 114(2), 83–95.
44. Slavik, J., & Kotyk, A. (1984). Biochimica et Biophysica Acta, 766(3), 679–684.
45. Watanabe, T., Furukawa, S., Kitamoto, K., Takatsuki, A., Hirata, R., Ogihara, H., et al. (2005).

International Journal of Food Microbiology, 105, 131–137.
46. Piper, P., Calderon, C. O., Hatzixanthis, K., & Mollapour, M. (2001). Microbiology, 147, 2635–2642.
47. Schuller, C., Schüller, C., Mamnun, Y. M., Mollapour, M., Krapf, G., Schuster, M., et al. (2004).

Molecular Biology of the Cell, 15, 706–720.
48. Giannattasioa, S., Guaragnellaa, N., Corte-Realb, M., Passarellac, S., & Marraa, E. (2005). Gen, 354,

93–98.
49. Brul, S., & Coote, P. (1999). International Journal of Food Microbiology, 50, 1–17.
50. Halm, M., Hornbaek, T., Arneborg, N., Sefa-Dedeh, S., & Jespersen, L. (2004). International Journal of

Food Microbiology, 94, 97–103.
51. Vihinen, M., & Mantsala, P. (1989). Critical Reviews in Biochemistry and Molecular Biology, 24, 329–

418.
52. Zidehsaraei, A. Z., Moshkelani, M., & Amiri, M. C. (2009). Separation and Purification Technology, 67,

8–13.
53. Ouyang, A., Benneu, P., Zhang, A., & Yang, S. T. (2007). Process Biochemistry, 42, 561–569.

24 Appl Biochem Biotechnol (2011) 163:14–24


	Influence of Different Substrates on the Production of a Mutant Thermostable Glucoamylase in Submerged Fermentation
	Abstract
	Introduction
	Material and Methods
	Microorganism
	Sequencing of Mutant Genes
	Culture Medium and Enzyme Production
	Assay of GA Activity
	Microbial Biomass Quantification
	Protein Determination
	Purification
	Electrophoretic Methods
	Effect of Temperature and pH on Activity and Stability of the GA
	Irreversible Thermo-inactivation Kinetics

	Results and Discussion
	Characterization of Thermostable Mutant GA from A. awamori Expressed in S. cerevisiae
	Production and Purification of Mutant GA

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


